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New LiNi 1 _ J ,Mg J ,0 2 (0 < y < 0.20) layered oxides were synthesized by a coprecipitation method followed by a high-temperature 
thermal treatment. Rietveld refinements of their X-ray diffraction patterns showed that they exhibit a quasi-two-dimensional struc- 
ture, isostructural to LiNi0 2 , for small substitution amounts (v < 0.10). For larger amounts (y = 0.15, 0.20), the Li/(Ni + Mg) 
ratio is significantly lower than unity. In all cases, the extra ions located in the inter-slab space for lithium deficiency compensa- 
tion are preferentially Mg 2+ ions. A magnetic study confirmed the cationic distributions which result from the size difference 
between Ni 3+ and Mg 2+ ions. An electrochemical study showed reversible behavior for all materials. A high capacity (>150 Ah 
kg -1 ) was found for LiNij_ Mg 0 2 phases (y < 0.02), which decreased when y increased. The presence of Mg 2+ cations in the 
inter-slab space, which cannot be oxidized and have a size close to Li - , prevents the local collapses of the structure which occurs 
for the Li 1 _ z Ni 1+z 0 2 system; therefore good cycling stability is observed. 
© 2000 The Electrochemical Society. S0013-465 1(99)10-069-7. All rights reserved. 
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Since the development of lithium-carbon batteries. LiNi0 2 has 
been considered a promising positive electrode material for re- 
chargeable lithium batteries due to its low cost and high energy den- 
sity. 1-5 Its structure can be described as a packing of Ni0 2 slabs 
between which lithium ions are inserted. 6 It is, however, well known 
that its true formula is Li^jNii^C^ with z extra nickel ions located 
in the lithium site. During the last few years, numerous studies have 
been devoted to the improvement of the lithium nickelate stoichiom- 
etry, which is strongly dependent on its preparation conditions 7 " 9 and 
significantly influences the electrochemical properties of the mater- 
ial. 7 ' 9 ' 10 It was recently demonstrated that the loss of reversibility at 
the first cycle in Li^C 6 //Li. c Ni 1+z 0 2 cells is strongly related to the 
oxidation of the extra nickel ions during the first charge, which 
induces an irreversible shrinkage of the inter-slab space. 10 ' 11 

However, before the advent of possible commercial applications, 
LiNi0 2 still must be optimized due to its thermal instability in or- 
ganic electrolytes in its charged state, which can result in safety 
problems. 12-14 Furthermore, the problem of capacity fading observ- 
ed upon long-term cycling must be overcome. 3 Until now, the origin 
of this fading has not been understood because neither structural nor 
textural modification has been detected on electrodes recovered after 
1200 cycles at the C rate. 15 - 16 

Because cationic substitution for nickel appears to be a good 
method to modify the structural and electrochemical properties of 
lithium nickelate, increasing activity has been devoted during the 
past few years to the synthesis and characterization of new substi- 
tuted Umi- y M y 0 2 materials (M = Co, 17 " 21 Al, 13 ' 22 " 26 Fe, 27 " 30 
Ti, 31 - 32 Mn, 33 " 37 Ga, 38 B, 39 Ti and Mg, 40 Ga and Mg, 41 ...). For 
example, structural studies performed on the LiNii-j,Coy0 2 system 
showed that pure 2D materials are obtained for y > 0.30, 17,19,20,42 
with very good electrochemical properties. 18 ' 42 Ohzuku et al. report- 
ed that partial aluminum substitution for nickel effectively stabilizes 
the structure of fully deintercalated phases and therefore improves 
battery safety. 13 ' 24 Substitution of diamagnetic cations such as Al 
or Ga 3+ 38 for nickel also prevents electrode overcharge by reducing 
the amount of lithium ions which can be deintercalated from the 
Li^Ni^yM 0 2 active material. 

More recently, FMC investigated the properties of novel 
LiNi 1 _ 3 Mgy 2 Tiy 2 °2 compounds (0 < y < 0.30) 40 According to the 
authors, simultaneous substitution of Mg and Ti for Ni enables one 
to obtain good cycling stability and safe thermal behavior in the 
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charged state. However, no explanation for these results was pro- 
posed. A study of magnesium-substituted lithium cobaltite was re- 
cently reported by Tukamoto et al. 43 and showed that the conductiv- 
ity of the LiCo, Mg 0 2 phases increases upon substitution due to 
a mechanism of charge compensation involving the formation of 
holes in the t 2 cobalt band. 

Both LiNi 0 86 Co 0 09 Mg 0 05O 2 and LiNi 0 91 Co 0 09 O 2 materials 
were recently long-term cycled in SAFT laboratories: 500 cycles at 
the C rate were achieved at 60°C. 44 The result showed that 0.08 and 
0.02% of the reversible capacity were lost per cycle upon cycling for 
the Co and the MgCo substituted systems, respectively. In the latter 
case, the suppression of capacity fading was consequently related to 
partial magnesium substitution for nickel. Therefore, it appeared 
important to determine the effect of magnesium substitution for 
nickel on the properties of lithium nickelate. 

Novel magnesium-substituted lithium nickelate LiNi, - y Mg y 0 2 
(0 s y s 0.20) phases were synthesized and characterized from the 
structural, magnetic and electrochemical points of view. For low 
magnesium contents, we expected to replace the Ni 2+ ions present 
in the Lij__Ni 1 + -0 2 phases by Mg 2+ ions. Moreover, good electro- 
chemical properties were expected for the magnesium-substituted 
materials, because the diamagnetic Mg 2+ ions do not participate in 
the redox process, and therefore should not induce shrinkage of the 
inter-slab space upon lithium deintercalation. In order to achieve bet- 
ter understanding of the effect of magnesium on the structural and 
electrochemical properties of the LiNii-yMgyC^ phases, the amount 
of substitution was extended to y = 0.20. 

Experimental 

The LiNi 1 _ y Mg ;y 0 2 (0 < y < 0.40) materials were synthesized 
by a coprecipitation method in aqueous solution as described in 
detail by Caurant et al. 45 This synthesis method was chosen because 
intimate mixing of the various reagents favors higher reactivity and 
a greater homogeneity of the as-synthesized materials due to a more 
statistical distribution during thermal treatment. 

AIM solution of Ni(N0 3 ) 2 and Mg(N0 3 ) 2 was prepared in a 
(l-y)/y molar ratio with 0 < y < 0.40. This solution was added while 
stirring to a solution of 1 M LiOH and 3 M NH 4 OH (Li/(Ni + 
Mg) = 1.05). An excess of lithium was used in order to compensate 
for lithium loss during the calcination process and thereby limit any 
lithium deficiency of the as-synthesized samples. Blue-green copre- 
cipitates were obtained, and the remaining water and ammonia were 
removed in a rotary evaporator at 70°C under primary vacuum. The 
resulting products were then dried for 20 h at 110°C in air. The 
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ground mixtures were heated under a flow of dry oxygen for 5 h at 
700°C (for 0 < y < 0.03) and at 750°C (for 0.05 < y < 0.20) in 
order to obtain single-phase materials. Several attempts to prepare 
pure LiNi 1 _ ;y Mg :y 02 phases (with y > 0.20) were made at tempera- 
tures between 750 and 850°C. 

All samples were characterized by X-ray diffraction (XRD). The 
XRD patterns were collected using a Siemens D5000 diffractometer 
equipped with a diffracted-beam monochromator (Cu Ka radiation) 
at the 10-70° (20) for routine characterization. For our structural 
study (Rietveld refinement), data were collected in the 10-120° (26) 
range in steps of 0.02° (20) with a constant counting time of 40 s. 
Structural refinement by the Rietveld method was performed using 
the Fullprof program. 46 

Magnetic susceptibility data were collected using an automatic 
susceptometer (DSM8 Manics) over the 4-300 K temperature range 
(applied field = 1.8 T). 

Electrochemical measurements were carried out in lithium cells 
with the following configuration: Li/1 M LiC10 4 in propylene car- 
bonate (PC)/Li- t Ni 1 _ ;y Mg :y 02 (active mass of 25 mg) with carbon 
black (10 wt %) as conductive agent and polyethylenetetrafluoride 
(PTFE) (2 wt %) as binder. Cells were assembled in an argon-filled 
dry box and cycled at room temperature using a home-made system 
monitored by a HP1000 computer operating in galvanostatic 
mode. 47 The electrochemical performances of the various com- 
pounds were evaluated upon cycling in the 2.7-4.15 V potential 
range at a C/10 rate. To permit a general comparison of all the mate- 
rials, the C rate is defined as the exchange of 0.5 electrons in 1 h. 
Open-circuit voltage experiments were performed in the same poten- 
tial range: 0.02 Li per formula unit was deintercalated (or intercalat- 
ed) at each step, and the relaxation periods were interrupted as soon 
as the slope of the voltage vs. time curve was smaller than 1 mV h _1 . 
In addition, charges at the C/100 rate were carried out to obtain fully 
deintercalated LLNi^^flg 0 2 phases (with y = 0.05, 0.10, 0.15, 
and 0.20). In the latter case, 1 M LiPFg in a mixture of propylene 
carbonate (PC), dimethyl carbonate (DMC), and ethylene carbonate 
(EC) (1:1:3 by volume) was used as electrolyte to avoid electrolyte 
decomposition at potentials higher than 4.2 V. 

Results and Discussion 

Structural characterization. — The cationic distribution, which 
plays a key role in the electrochemical behavior of lithium nicke- 
lates, was characterized by XRD and from magnetic measurements. 

XRD. — Single phases isostructural to LiNi0 2 were obtained for Lij (Nij.^fl ) 1+ 0 2 
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Figure 1. XRD patterns of magnesium-substituted LiNi 1 _ J ,Mg J ,0 2 phases. 
The upper XRD patterns were shifted in 28 for a better visualization. 



is limited in all other cases: iron (0<)i< 0.30), 27,29,30,48 aluminum 
(0<)-< 0.50), 13,22,26 or manganese (0<y< 0.50). 33 " 35 

Rietveld refinement. — As previously reported, refinement by the 
Rietveld method of the XRD patterns is a good method to charac- 
terize accurately the structure and cationic distribution for pure 
Li 1 _ z Ni 1+z 0 2 7 > 9 > 49 " 52 and substituted lithium nickelates 

Indeed, the amount z of extra 
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LiNi 1 _ y Mg ;y 0 2 compositions with 0 < y < 0.20. The XRD patterns 
of these materials are shown in Fig. 1. For all samples, the XRD 
lines are quite narrow, which indicates good crystallinity of the 
materials. Traces of Li 2 C0 3 are observed, probably due to the pres- 
ence of excess lithium in the starting mixtures. The Ni/Mg ratio was 
confirmed by chemical analyses, but due to the presence of a small 
amount of Li 2 C0 3 in all samples, the overall set of data did not allow 
us to determine a true chemical formula for each magnesium-substi- 
tuted phase. 

For magnesium-rich compositions (y > 0.2), attempts to synthe- 
size single-phase compounds, by increasing the thermal treatment 
temperature up to 850°C to favor chemical reaction of the starting 
precursors, were unsuccessful. An MgO-type phase was systemati- 
cally detected by XRD. Syntheses with higher reaction temperatures 
were not performed because such experimental conditions are well 
known to favor lithium deficiency in the Li 1 _ z Ni 1+z 0 2 system due 
to the high vapor pressure of lithium oxide at such temperatures. 7,9 

These results show that it is possible to synthesize single-phase 
magnesium-substituted lithium nickel oxide compounds only in a 
restricted composition range. Due to the difference in size and nature 
between nickel and magnesium ions, it is not surprising that the limit 
of the solid solution domain is reached rapidly. From a general point 
of view, the extent of the layered LiNij.yM 0 2 system depends on 
the structural difference between the two limit phases. If an overall 
solid solution is thus obtained for the cobalt-substituted lithium 
nickelate system, 17,20,42,45 the extent of the layered structure domain 



nickel ions or extra (Ni, M) ions located in the lithium site can be 
determined by taking into account the strong correlation between z 
and the B(Li) isotropic atomic displacement parameter. 7 

In the magnesium-substituted system, if the refinement is carried 
out assuming a perfectly ordered 0t-NaFeO 2 type structure (z = 0) 
[space group: R3m; 1 Li in the 3b site (0, 0, 0.5); (1-v) Ni and y Mg 
in the 3a site (0, 0, 0)], a negative value is obtained for the B(Li) 
parameter. This result provides evidence for an excess of electronic 
density in the lithium site, as is observed in the Li 1 _ z Ni 1+z 0 2 sys- 
tem, due to the presence of extra Ni 2+ and/or Mg 2+ ions. Because 
Rietveld analysis is sensitive only to the number of electrons in the 
various crystallographic sites of the structure, the nature of the extra 
ions present in the inter-slab space for lithium deficiency compensa- 
tion cannot be determined directly from the Rietveld refinement. 
Similar agreements are thus obtained between the experimental and 
the calculated XRD patterns if we make the hypothesis that the 
residual electronic density is due either to the partial occupation of 
the lithium site by a single ion type (z Ni 2+ or ~2z Mg 2+ ) or to the 
undifferentiated presence of both ions (u Ni 2+ + v Mg 2+ with u + 
v/2 ~ z) in the 3b site. However, one can reasonably assume that, as 
the result of the difference in size between Li + , Ni 2+ , Ni 3+ , and 
Mg 2+ ions = 0.72 A, r£ = 0.76 A, rg-+ = 0.69 A, rf£ = 
0.56 A), 53 the Mg2+ ions would occupy the lithium site preferen- 
tially to the Ni 2+ ions if extra cations are required to compensate for 
lithium deficiency. Indeed, from a general point of view, the forma- 
tion of the layered LiM0 2 -type structure results from the size differ- 
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ence between the LiO e octahedra and the MO e octahedra, so the 
largest cations are expected to preferentially occupy the lithium site 
if the Li/M ratio is smaller than 1. For instance, in the iron-substi- 
tuted system, Ni 2+ and Fe 3+ ions with similar sizes (r 2 ^ = 0.69 A, 
r|g = 0.645 A) simultaneously occupy the inter-slab space, 27 ' 29 ' 48 
whereas in the cobalt-substituted system, a very recent neutron dif- 
fraction study of lithium-deficient phases showed that only Ni 2+ 
ions are present in the lithium site, 54 confirming previous results 
deduced from steric considerations. 17 ' 20 As is further discussed, the 
hypothesis of the presence of part of magnesium ions in the inter- 
slab space to compensate for lithium deficiency was clearly con- 
firmed by our magnetic characterization. Therefore, Rietveld refine- 
ments were carried out considering the following cationic distribu- 
tion: nickel and magnesium ions in the 3a site, lithium and a very 
small amount of magnesium ions in the 3b site. The occupancy para- 
meters were refined considering that the total occupancy of each site 
is equal to unity and that the Mg/Ni ratio is equal to y/(l-y). In the 
case of slightly magnesium-substituted phases, a small amount of 
Ni 2+ ions was also considered to be in the inter-slab space if the 
presence of all available magnesium ions in the 3b site only partial- 
ly compensates for the lithium deficiency. 

Results of Rietveld refinement for LiNi 0 95 Mg 0 05 O 2 and 
LiNio.80Mgo.20O2 are presented in detail in Tables I and II. The good 
agreement between the experimental and calculated patterns is given 
as an example for the LiNio.80Mgo.20O2 composition in Fig. 2. For 
all studied compositions, the main structural parameters and the 
cationic distribution are reported in Table III. The average oxidation 
state of nickel was calculated from each crystallographic formula 
(Table III). The reliability factors R wp and R B are good; this shows 
that the structural models considered describe fairly well the struc- 
ture of the LiNij-yMgyC^ compounds. For convenience, in the fol- 
lowing discussion, the phases are still associated with their nominal 
chemical formula LiNiyMg^C^, whatever the real cationic 
distribution. 



Table II. Refined parameters and reliability factors obtained for 
the structure refinement of the LiNi 0 80 Mg 0 20 O 2 phase. The 
standard deviations were multiplied by the Scor parameter to 
correct for local correlations. 46 



LiNi 080 Mg 020 O 2 



Constraints 



Space Group: Rim 
« hex . = 2.8852(2) A 
c hex. = 14.249(2) A 



n(Li) + n(Mg t ) = 1 
n(Ni) + ra(Mg 2 ) = 1 
ra(Ni)/(n(Mg 1 ) + ra(Mg 2 ) = 4 
B(Li) = B(M gl ) fl(Ni) = B(Mg 2 ) 



Atoms Site Wyckoff positions 



B iso (A ) Occupancy 



Li 3b 0 

Mg t 3b 0 

Ni 3a 0 

Mg 2 3a 0 

O 6c 0 



0.5 
0.5 
0 
0 

0.2585(4) 



Conditions of the run 
Temperature 
Angular range 
Step scan increment (26) 
-> Number of fitted parameters 

Profile parameters 
Profile function: 

Pseudo-Voigt PV = t)L + (1 - t))G 
-►Eta 

Halfwidth parameters 



0.6(4) 

0.6(4) 

1.43(7) 

1.43(7) 

1.54(162) 

300 K 
10° < 26 : 
0.02° 
15 



0.90(2) 
0.10(2) 
0.88(2) 
0.12(2) 
2.000 



120° 



= 110 + X(26) 
t) 0 = 0.70(6) 
X = -0.003(1) 
U = 0.04(1) 
V = 0.06(1) 
W = 0.07(2) 

Conventional Rietveld R-factors for points with Bragg contribution 



12.0% 



3.35% 



Table I. Refined parameters and reliability factors obtained for 
the structure refinement of the LiNi 0 9 5Mg 0 05 O 2 phase. The 
standard deviations were multiplied by the Scor parameter to 
correct for local correlations. 46 



LiNi 095 Mg 0 05 O 2 



Constraints 



Space Group: Rim 
a heK = 2.8769(2) A 

c h e x. 



14.212(2) A 



n(Li) + n(Mg t ) = 1 
»(Ni) + n(Mg 2 ) = 1 
»(Ni)/[(»(M gl ) + «(Mg 2 )] = 19 
fl(Li) = B(M gl ) fl(Ni) = B(Mg 2 ) 



Atoms Site Wyckoff positions 



B iso ( A ) Occupancy 



Li 3b 0 


0 0.5 


0.3(7) 0.99(2) 


Mg; 3b 0 


0 0.5 


0.3(7) 0.01(2) 


Ni 3a 0 


0 0 


1.03(8) 0.96(2) 


Mg 2 3a 0 


0 0 


1.03(8) 0.04(2) 


O 6c 0 


0 0.259(6) 


1.3(2) 2.000 


Conditions of the run 






— > Temperature 




300 K 


— > Angular range 




10° < 26 < 120° 


— ' Step scan increment (26) 


0.02° 


-> Number of fitted parameters 


15 


Profile parameters 






Profile function: 






Pseudo-Voigt PV = 


r\L + (1 - T))G 


T! = tio + X(26) 


-►Eta 




■no = 0.48(6) 






X = 0.006(2) 


-» Halfwidth parameters 


U = -0.01(1) 






V = 0.05(1) 






W = 0.03(2) 


Conventional Rietveld R-factors for points 


with Bragg contribution 




= 12.3% R B = 


= 2.65% 



Magnetic behavior. — Because the magnetic behavior of substituted 
lithium nickelates is expected to depend strongly on the nature of 
any foreign ions present in the lithium site (diamagnetic Mg ions 
or paramagnetic Ni 2+ ions), magnetic characterization of the 
LiNi 1 _ y Mg 1 ,0 2 phases was carried out to confirm the partial occu- 
pation of the lithium site by Mg 2+ ions. The purpose of this study is 
not to make an overall magnetic characterization of these materials 
but only to determine their cationic distributions. 
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Figure 2. Comparison of the (-•-) experimental and (-) calculated XRD pat- 
terns for the LiNi 0 80 Mg 0 20 O 2 phase; the difference between experimental 
and calculated XRD pattern is also reported. The 90-120° (26) range is not 
represented to enlarge the figure. 
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Table III. Crystallographic parameters, average oxidation state for nickel (Ni ox s(ate ), cationic distribution, and reliability factors obtained 
from the Rietveld refinement of the XRD data of the LiNi t ^Mg^Oj phases (0 < y s 0.20). The standard deviations were multiplied by the 
Scor parameter to correct for local correlations. 46 

y in 

LiNi 1 _ ) ,Mg ) ,0 2 a hex (A) c hex (A) z ox d u _ Q (A) <i Ni(Mg)0 (A) Ni ox state Crystallographic formula R wp (%) ff B (%) 



0.0 


2.8766(4) 


14.211(7) 


0.2596(6) 


2.122(6) 


1.964(5) 


2.96 


[Lio.^Ni^JINig^NigoJOj 


12.1 


2.17 


0.01 


2.8759(6) 


14.205(3) 


0.2597(8) 


2.121(7) 


1.963(6) 


2.97 


[Li 0 98 Mg 0 _ 01 Ni5 01 ] [Ni^Nfg 02 ]O 2 


16.0 


4.75 


0.02 


2.8777(3) 


14.209(2) 


0.2600(6) 


2.126(5) 


1.961(4) 


2.98 


[Li 0 98 Mg 0 02 ] [Nig I 98 Nig 02 ]O 2 


11.8 


2.85 


0.05 


2.8769(2) 


14.211(2) 


0.2595(6) 


2.121(5) 


1.964(4) 


3.03 


[Li 0 99 Mg 0 01 ] [Nig I 93 Ni I 0 v 03 Mg 0 04 ]O 2 


12.3 


2.65 


0.10 


2.8751(2) 


14.219(2) 


0.2588(6) 


2.114(5) 


1.969(4) 


3.07 


[Li 098 Mg 002 ][Ni!; I 86 Ni I 0 v 06 Mg 008 ]O 2 


13.2 


2.14 


0.15 


2.8807(2) 


14.233(2) 


0.2586(5) 


2.116(4) 


1.974(4) 


3.04 


[Li 0 94 Mg 0 06 ] [Nig^gNi^Mgo 10 ] 0 2 


10.0 


2.28 


0.20 


2.8852(2) 


14.249(2) 


0.2585(4) 


2.118(4) 


1.978(3) 


3.02 


[Li 0 90 Mg 0 10 ] [Ni^ 86 Ni 0 v 02 Mg 0 12 ]0 2 


12.0 


3.35 



As recently reported by Kanno and co-workers for a 
Li 1 _ z Ni 1+ j,0 2 composition very close to the ideal one (z = 0.01), a 
spin glass behavior is observed. 55 The presence of extra nickel ions 
in the lithium site strongly affects the magnetic properties of 
Li ! — ^JSTi i + z 0 2 compounds, which become very different from the 
spin glass ones. These extra nickel ions are antiferromagnetically 
coupled with the nickel ions located in the adjacent Ni0 2 layers, 56 
leading to the formation of ferrimagnetic clusters whose number is 
directly related to the amount of extra nickel ions. 7 For low z values, 
the clusters are distributed statistically over the LiNiOo matrix and 
do not interact magnetically with each other. As a result, no magnet- 
ic order is observed and the thermal variation of the reciprocal sus- 
ceptibility presents a Curie-Weiss behavior above a given tempera- 
ture. As reported by Rougier et at, magnetic property studies can 
then be an elegant way to quantify the amount z of extra nickel ions. 7 
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Figure 3. Comparison of the thermal evolution of the inverse molar magnet- 
ic susceptiblity for the LiNi 1 _ J ,Mg J ,0 2 (y = 0.10, 0.20) and Li^^i^C^ 
phases (z = 0.02, 0.06) (applied field =1.8 T). Data for Li 0 ^Nij 06O2 were 
taken from Ref. 7. The amount of magnesium ions (z Mg ) or nickel ions (z Ni ) 
located in the inter-slab space is specified in brackets. 



When z increases, the susceptibility becomes infinite at low temper- 
ature and the ordering temperature increases rapidly. In this study, it 
was shown that the effect of extra nickel ions was easily detected 
whatever the applied magnetic field. It was shown recently that when 
z exceeds a threshold value z c ~ 0.14, interactions between clusters 
become strong and percolation occurs. 57 

The thermal variations of the reciprocal molar susceptibility for 
the substituted LiNi 0 9oMg 0 10 O 2 and LiNi 0 soMgo 20^2 phases and 
for two lithium-deficient lithium nickelate phases are reported in 
Fig. 3. The data related to the Li 1 _ r Ni 1+z 0 2 phase (z = 0.06) have 
been taken from previously reported results. 7 The observed difference 
between the magnetic curves of the Lio.98Ni1.02O2 ant ' '''o.94N'i.or> () 2 
compounds clearly illustrates the presence of ferrimagnetic clusters 
in the most lithium-deficient material, as previously discussed. 58 The 
shape of the susceptibility curve of Li 0 gsNij 02 O 2 is comparable to 
that reported by Kanno et al. for the Li 0 ggNij 0 iO 2 composition. 55 
Moreover, some of these authors showed, in a previous paper for the 
Li 0 95 Ni 1 05O 2 composition, behavior similar to that observed for 
Li 0 94 Ni 1 06 O 2 . The presence of ferrimagnetic domains in the latter 
material was also evidenced by the existence of a hysteresis loop 
which is not detected for the Li 0 9§Nij 02 O 2 composition. 59 

However, Fig. 3 also emphasizes different magnetic behaviors for 
the magnesium-substituted and the nonsubstituted materials. Indeed, 
for LiNi 0 9oMg 0 mCK and LiNi 0 go-Mgo 20^2' me variation of the re- 
ciprocal susceptibility is similar to that reported for nearly stoichio- 
metric LiNi0 2 . It is characteristic of a Curie- Weiss paramagnetic- 
type behavior above 70 K. Note that for LiNi 0 80 Mg 0 20O2 there is an 
abnormality at about 175 K in the susceptibility curve. In compari- 
son to the spin glass behavior of LiNi0 2 , the presence of a part of 
the diamagnetic Mg 2+ ions in the nickel site must break the in-plane 
tension and therefore induce a more complicated magnetic behavior. 
A comparison of the experimental Curie constants (calculated for 
above 175 K) with the theoretical ones in Table IV confirms the 
chemical formula deduced from the Rietveld refinement. The differ- 
ence observed between the shapes of the magnetic curves of the 
magnesium-substituted materials and that of Li 0 9gNi 102 O 2 shows 
that the amount of ferrimagnetic clusters is negligible in the two sub- 
stituted compounds. As a significant amount of Mg 2+ (or Ni 2+ ) ions 



Table IV. Variation with y of the Curie constants of the 
LiNi t y Mg y 0 2 phases (y = 0.0, 0.10, and 0.20). The 
experimental values were calculated in the 175-300 K 
temperature range. 



y in 

LiNi 1 _ y Mg J ,0 2 



Formula deduced from the 
Rietveld refinement 



Curie constant 



-theor. 



~exp. 



0.0 

0.10 

0.20 



[Li 0 .98Ni?.o2][Ni 0 CI 9 8 Nig.o 2 ]0 2 
[Lio.9gMgo.02] [Nig I 86 Nig' 06 Mg 0 . 08 ]O 2 0.32 
[Li 0 . 9 oMg 0 . 10 ][Ni 0 n 86 Ni 0 ' 02 Mg 0 . 12 ]0 : 



0.41 



0.37 
0.34 
0.32 0.35 
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was detected by Rietveld refinement for LiNi 0 soMgo 20^2' me para- 
magnetic behavior at low temperature shows that there are no para- 
magnetic Ni 2+ ions in the lithium site and clearly confirms that only 
diamagnetic Mg 2+ ions are located in excess in the inter-slab space. 
In the hypothesis of Ni 2+ in the lithium site, the susceptibility curve 
would be similar to that for Li 0 ^Nij 06O2, which is not the case. 

These results show that our magnetic-properties study is an effec- 
tive way to confirm that for lithium-deficient phases, the divalent 
ions which are present in the lithium site to ensure charge compen- 
sation are preferentially Mg 2+ ions instead of Ni 2+ ions. Also, this 
technique was recently employed to prove in the same way that Ni 2+ 
ions are located in the inter-slab space for aluminum-substituted 
nickelates. 60 

Cell parameters and cationic distribution. — The evolution with y of 
the structural parameters, average oxidation state of nickel (Ni ox state ) 
and amount of extra cations present in the lithium site (z) is given in 
Fig. 4 for the LiNi^^Mg 0 2 phases. 

Two main domains must be considered depending on the y val- 
ues. For the small values (y < 0.10), the total amount of extra cations 
(Mg 2+ and/or Ni 2+ ) located in the lithium site is nearly constant 
(Fig. 4e). Therefore, there is no significant change in the cell para- 
meters (Fig. 4a-c). For the highest magnesium content, the increas- 
ing amount of Mg 2+ ions situated either in the slab or in the inter- 
slab space leads to an increase of both a hex and c hex parameters 
(Fig. 4a-b). 

In the previous section, we have assumed from size considera- 
tions and shown from magnetic measurements that when extra 
cations are required in the lithium site to compensate for lithium 
deficiency, these ions are preferentially Mg 2+ rather than Ni 2+ . 

For slightly magnesium-substituted lithium nickelates 
LiNi 1 _ y Mg J ,0 2 (0 < y < 0.02), the lithium deficiency required the 
presence of all Mg 2+ ions in the inter-slab space. For small y values 
(y = 0.01), there are not enough Mg ions to compensate for lithi- 
um deficiency, therefore Ni ions are also required. For y = 0.02, 
there are only Mg ions in the lithium site. Such cationic distribu- 
tions imply the presence of Ni ions within the slab for charge 
compensation. Therefore, the average oxidation state of nickel in the 
materials remains smaller than 3+ (Fig. 4d). 

For the magnesium-rich materials (y = 0.05, 0.10), only a small 
amount of Mg 2+ ions is present in the inter-slab space. The slab is 
therefore simultaneously occupied by Mg 2+ , Ni 3 + , and a small 
amount of Ni 4+ ions for charge compensation. The presence of Ni 4+ 
ions induces an average oxidation state higher than 3 + for nickel 
(Fig. 4d). 

For the LiNi 0 ssMgg 15O2 and LiNi 0 ggMgg 20O2 compositions, a 
surprisingly large amount of Mg 2+ ions is located in the lithium site, 
which induces a decrease in the mean oxidation state for nickel 
(Fig. 4d). If for such substitution rates the amount of extra magne- 
sium ions remained close to 2%, the charge compensation would 
require an increasing amount of Ni 4+ ions in the slab but the large 
size of Mg 2+ destabilizes the tetravalent nickel ions. Therefore, the 
amount of Ni 4+ ions in the slab decreases when y increases and an 
increasing amount of Mg 2+ ions is required in the inter-slab space to 
ensure electroneutrality (Fig. 4d-e). In other words, the cationic dis- 
tribution for the LiNi 0 ssMgo 15O2 and LiNi 0 goIVIgo 20^2 materials 
can be related to synthesis conditions. If there was a small departure 
from stoichiometry (with a very small amount of Mg 2+ ions in the 
lithium site), a large Ni 4+ /Ni 3+ ratio would be required. However, as 
previously suggested, 60 during synthesis the oxidizing power of the 
medium is not expected to be high enough to obtain such large 
amounts of tetravalent nickel ions, and therefore a significant 
amount of magnesium ions are situated in the lithium site in order to 
reduce the average oxidation state of nickel in the material. 

Electrochemical behavior. — A general electrochemical study 
was carried out to determine the effect of magnesium substitution on 
the electrochemical behavior of the Li-jNi^Mg^C^ materials (0 s 
y ' 0.20). 



Figure 5 shows the variation of cell voltage vs. lithium amount 
during the first ten charge-discharge cycles (at the C/10 rate) obtained 
for various magnesium-substituted phases (y = 0.0, 0.01, 0.02, 0.05, 
0.10, 0.15). The average reversible capacity calculated over 10 cycles 
is also reported in this figure. In all cases, the lithium deintercalation- 
intercalation process is highly reversible with small polarization, 
which demonstrates that whatever the magnesium amount, the mate- 
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Figure 4. Variation vs. y of the a hex and c hex cell parameters, of the unit cell 
volume V bex , of the average oxidation state of nickel ions (Ni ox state ) 
(deduced from structural data) and of the amount of extra cations in the lithi- 
um site (z) for the LiNi^Mg^Oj phases (0 < y < 0.20). 
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Figure 5. Variation of the cell voltage vs. composition for the first ten galvanostatic charge/discharge cycles of Li//LiNi 1 _ J ,Mg J ,0 2 cells (y = 0.0, 0.01, 0.02, 
0.05, 0.10, 0.15) at the C/10 rate. The average reversible specific capacity over 10 cycles is specified for each composition. 
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Figure 6. Variation of the cell voltage vs. composition during the first open-circuit voltage, charge/discharge of Li//LiNi 1 _ J ,Mg J ,0 2 cells (y = 0, 0.02, 0.05, 0.10, 
0.15, 0.20). Each 100 min long step corresponds to the intercalation-deintercalation of 0.02 Li; the relaxation period was interrupted when the slope of the volt- 
age curve was smaller than 1 mV/h. 
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rial exhibits good cycling behavior. Furthermore, good reversible 
capacities, higher than 130 Ah kg -1 , are obtained for small y values, 
and the capacities tend to decrease when y increases. Indeed, as mag- 
nesium ions remain in the divalent state, the Li I Nii_. y Mg :y 0 2 phases 
are electron-donor limited. Taking the cationic distribution of the 
materials into account (Table III), the number of electrons which can 
be exchanged upon cycling decreases with the decrease of the num- 
ber of Ni 3+ ions present in the pristine material, and as a result the 
theoretical reversible capacity decreases with y. 

In order to approach thermodynamic equilibrium, the 
Li//LLNii -Mg y 0 2 cells (y = 0.0, 0.02, 0.05, 0.10, 0.15, 0.20) were 
cycled at a low rate with alternate periods of relaxation (Fig. 6). The 
electrochemical curves exhibit a continuous trend with the amount 
of magnesium. In most of the intercalation-deintercalation range, the 
cell polarization (given by the height of vertical lines on the V = f(x) 
plot) is very small, which suggests rapid lithium diffusion kinetics. 
The polarization tends to increase slightly for y = 0. 15 and y = 0.20, 
in relation to the increase of magnesium amount in the inter-slab 
space. At the end of discharge, the cell polarization increases sharply 
due to decreasing ionic conductivity when most of the inter-slab 
sites are occupied. A surprisingly large loss of reversibility is 
observed at the end of the first cycle for the magnesium-substituted 
materials and appears to be in contradiction with the quasi-two- 
dimensional structure of the LiNi 0 9 5 Mg 0 05 O 2 and LiNi 0 9 0 Mg 0 ]0 O 2 
materials (almost no foreign cations are present in the inter-slab 
space). A preliminary structural study of the Li J Ni 1 _ 3 ,Mg 3 ,0 2 phases 
showed that irreversible magnesium migration from the slab to the 



Li > Ni O. SS M9o05 0 2 

^ Ni o.90 M 9oio° 2 

LLNi as0 Mg a20 O 2 




inter-slab space occurs during the first charge, leading to a signifi- 
cant irreversible capacity at the first cycle. These results will be pub- 
lished in a forthcoming paper. 

The voltage plateaus characteristic of the phase transitions ob- 
served during the lithium deintercalation process for quasi-stoichio- 
metric Li 1 _ z Ni 1+ 0 2 phases (z < 0.05), 61-64 are clearly visible on the 
electrochemical curve obtained for the LiNi 0 9gMg 0 o 2 0 2 material. 
For y > 0.05, the potential-composition curve becomes almost 
monotonic; which suggests the existence of a solid-solution domain 
over the entire intercalation-deintercalation composition range. It 
thus appears that substitution of 5% Mg forNi is high enough to sup- 
press all phase transitions observed for the Li ;c Ni0 2 system which 
are associated with lithium/vacancy orderings in the inter-slab 
space. 15 ' 64 In the case of the LiNi 1 _ 3 ,Co ;y 0 2 system, the amount of 
substitution required to suppress the phase transition upon lithium 
deintercalation is significantly higher (y > 0.20 18 > 65 ). In the magne- 
sium-substituted system, one can assume that the magnesium migra- 
tion previously mentioned tends to destabilize the ordered phases. 

The overall charge curves (up to a high potential) obtained for the 
LiNi^^g^Oj materials (y = 0.05, 0.10, 0.15, 0.20) are reported in 
Fig. 7. The maximum amount of lithium ions which can be effec- 
tively extracted during a full charge is related strongly to the nickel 
oxidation state in the starting phase. Indeed, 0.8 lithium ion 
(= A* exp ) can be experimentally extracted from the 
LiNi 0 90 Mg 0 10 O 2 phase. This value is very close to the theoretical 
one (Axtheo,. = 0.86) which results from the oxidation of the 0.86 
Ni 3+ ion present in the slab of the pristine material. The same obser- 
vation can be made for the other materials, as is illustrated in Table V 
by the small difference observed between the theoretical (A% eor ) 
and experimental (Ax exp ) deintercalated lithium amounts. These 
results are in good agreement with the cationic distribution deduced 
from Rietveld refinement of the XRD patterns. They show that, at 
least in the considered potential range, only nickel ions are involved 
in the redox process. 

This electrochemical study allowed us to demonstrate the good 
reversible cycling behavior of magnesium-substituted lithium nickel 
oxides. It is well known that in the Lii_ z Nii +z 0 2 system, the amount 
z of extra nickel ions strongly affects the electrochemical properties 
of the materials as it entails an increase of both polarization and irre- 
versible capacity at the first cycle. Even if the LiNio.85Mgo.15O2 
material does not exhibit high reversible capacity, it presents good 
cycling stability. This difference can be attributed to the difference in 
nature of the foreign ions located in the lithium site for the two sys- 
tems. As previously reported, in the Li x NI0 2 system the dramatic 
deterioration of electrochemical performances is strongly related to 
the change in oxidation state of the extra nickel ions, which induces 
local collapses of the structure and hinders not only lithium diffusion 
in the inter-slab space but also lithium reintercalation in the six sites 
around each extra nickel ion (Fig. 8a). 10 - 11 In the LLNi^Mg/^ 
system, the magnesium ions, with a size very close to that of lithi- 
um, remain in the divalent state during cell charge. Therefore, their 



Table V. Comparison of the experimental AAr exp and theoretical 
A.v theor amounts of lithium ions which can be deintercalated 
during an overall charge of the LitfLiNij 3 ,Mg 3 ,0 2 cells (0.05 < 
y s 0.20). The Ar exp values were determined from the 
electrochemical experiments reported in Fig. 7. The Ax^c,. 
values were calculated from the formulas deduced from the 
Rietveld refinement results. 



y in 

LiNi 1 _ y Mg 3 ,0 2 



Formula deduced from the 
Rietveld refinement 



Lithium amount 



Ax,, 



0.0 0.2 0.4 0.6 0.8 1.0 



Figure 7. Variation of the cell voltage vs. composition during the first over- 
all charge of the Li//LiNi 1 _ J ,Mg J ,0 2 cells (y = 0.05, 0.10, 0.15, 0.20). 
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Figure 8. Schematic representation of the inter-slab space: (a) in the 
Lyfij+jC^ system, the oxidation of the Ni ions during the first electro- 
chemical cycle induces a local collapse of the inter-slab space which makes 
difficult lithium diffusion and re-intercalation; (b) the Li x Ni 1 _^Mg ) ,02 sys- 
tem, the electrochemically inactive Mg 2+ ions do not hinder lithium diffu- 
sion since their size is very close to Li + . 



presence in the inter-slab space does not strongly affect lithium rein- 
tercalation because no shrinkage of the structure appears upon 
cycling (Fig. 8b). This result explains why the magnesium-substitut- 
ed phases have good cycling properties. 

Conclusions 

Steric and electrostatic considerations imply that the quasi-two- 
dimensional structure of LiNi^JVlg^Oj materials is characterized 
by the presence of Mg 2+ ions in the inter-slab space for lithium-defi- 
ciency compensation. The inactive character of this substituting 
cation from the electrochemical point of view and its size similarity 
to lithium explain the good reversible capacity of these magnesium- 
substituted lithium nickelates: the presence of magnesium ions in the 
lithium site prevents any local collapse of the inter-slab space during 
the deintercalation process. 
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